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NOTATION 

•  d - 

The  Foerior  coefficient  of  rero  order  -  -.i  j  — -A  (g)  d9 

"i  " 


T>«  Fo>nw  coeffieiMt  tj  atk  o-iar  f  ^t2/3)  cos  *  3  3  3 

*J. 

CoasUaU 

Drag  coefficieet  * - — 

Lift  coefticieat  »  _ t _ 

%'VJ» 

Design  lift  ooefficieet 


Moment  coefficient » . 


%'UJ  a» 


Third  moment  coefficient  -  . 


m  ; 

m  ! 


First  acnent  about  the  lea  dog  edge 

Third  moment  a  bo  tit  the  leading  edge 

Local  static  pressure 

Static  pressure  of  stream  at  infinity 

Cavity  pressure 

Body  chard  lccjth 

Dummy  variable 

Dummy  variable 

The  uniform  velocity  at  »,  parallel  to  the  oasis 
The  ocon^ooeatof  die  perturbation  velocity 

m  ■« 

The  velocity  of  the  fluid  at  any  point  ;a  the  flow  fisid  <•  ♦  * 


JsffiLASS*  ~ 


«  The  ycompooeot  of  the  perturbation  velocity 

t  The  perturbation  velocity 

a  A  space  coordinate  parallel  to  Vm 

x‘  Dummy  variable 

«t  The  length  of  the  fixed  portion  of  a  flapped-plate  hydrofoil 

y  A  space  coordinate  measured  normal  to  the  x-directioo 

a  A  complex  variable,  *  •  z  +  iy 

a  Operating  angle  of  attack  measured  from  the  direction  of  x 

a*  The  difference  between  the  operating  angle  of  attack  and  the  design  angle 

of  attack 

J(»)  The  Dirac  delta  function 

«  The  flap  angular  deflection  for  the  flapped-plate  hydrofoil 

{  A  complex  variable,  {  •  (  r  ig 

A  parameter 

f  The  imaginary  coordinate  in  the  complex  {-plane 

$  A  parameter  defined  on  the  airfoil:^ -  1(1  -  cos  0) 

*  c~ 

\  A  parameter  defined  for  the  flapped-plate  hydrofoil,^'—  »-~{l  -  cos  0^) 

v  The  complex  velocity,  v  «  «  -  is 

(  The  real  coordinate  in  the  complex  {’•plane 

,9  The  constant  fluid  density 

a  Cavitation  number  -  — — — 

1 ip  Vj 

<t>  Perturbation  velocity  potential  such  that  a  -  j  6 

Subscript  a  Indicates  quantities  determined  on  the  body  sjrfaco 

Subscript  c  Indicates  quantities  determined  on  the  cavity  surface 

Unbarred  symbols  refer  to  cavity  flow,  Figure  I 
f jarred  symbols  refer  to  non-cavity  flow.  Figure  2 

0  symbolizes  “order  oPI 


UNCLASSIFIED , 


! 


WWW** 


UNCUS£:F23 


ABSTRACT 

V, 

^  A  linearized  theory  ia  developed  for  steady,  two -dimensional  cavity  flows 
•boat  hydrofoil  sections  at  taro  cavitation  saraber.  The  problem  of  calculating 
the  flow  characteristics  incising  tbs  hydrofoil  forcss  and  pitching  momenta  is 
redacwo  to  u  equivalent  problmn  at  tbs  classical  this  airfoil  theory.  This  eqnt- 
valtwcf  is  used  to  investigate  tha  characteristics  of  hydrofoil  shapes  of  practical 
importunes.  Ia  particular,  the  lift,  drag,  and  pitchiig  moment  dne  to  angle  of 
attach  aad  flap  deflection  are  determiaed.  The  important  sFect  of  hydrofoil  shape 
os  the  cavitation  drag  is  revealed,  aad  a  family  of  moderately  low  dra^  -eetions 
is  specified. 

The  linenrixed  theory  re  salts  for  the  flat  plate  are  shown  to  be  equal  to  the 
first-order  (in  angle  of  attack)  terms  of  the  exact  theory  results. 


WTKCOUCnON 

With  the  increasing  speeds  of  naval  vessels  aad  andarwater  missiles,  effects  of  cavi¬ 
tation  become  iacreasiagly  important.  For  sufficiently  high  speeds,  the  design  of  propellers, 
plane  control  surfaces,  aad  mala  supporting  foils  requires  information  regarding  the  forces 
aad  moments  develops!  on  lifting  surfaces  with  folly  developed,  trailing  cavities.  For  sur¬ 
faces  of  moderate  aspect  ratio  with  sufficiently  long  cavities,  mach  of  the  necessary  design 
information  would  be  obtained  from  studies  of  two-dimensional  hydrofoils  operating  at  zero 
cavitation  number,  that  is,  with  a  pressure  ia  the  cavity  equal  to  the  pressure  of  the  undis¬ 
turbed  stream.  Such  a  study,  utilizing  a  first-order  approximation  linearized  theory,  comprises 
the  content  o>  the  preseat  paper. 

The  actual  problem  being  considered  here  may  be  stated  ia  the  following  way:  To  find 
the  lift,  <k*g,  aad  pitching  moment  about  the  wing  edge,  of  two-dimensional  sections 
immersed  at  an  angle  of  attack,  ia  a  uniform,  infinite,  steady,  iaviscid  stream  for  which  it  is 
assumed  that  cavitation  occurs  whea  the  fluid  pressure  co  the  surface  of  the  body  becomes 
eqaalto  the  pressure  of  the  undisturbed  stream.  For  such  a  flow,  the  cavity  extends  to  in¬ 
finity.  The  hydrofoil  sections  are  assumed  to  be  of  almost  arbitrary  shape;  the  only  specifi¬ 
cations  are  that  fa)  they  have  sharp  trailing  edges  aad  sufficiently  sharp  noses  so  that  cavi¬ 
tation  occurs  at  both  the  leading  aad  trailing  edges,(b)  the  section  is  sufficiently  this  so 
that  its  upper  surface  lies  completely  within  tha  cavity  which  springs  from  ’he  leading  edge 
^cd  thus  does  sot  play  a  role  ia  the  determination  of  thn  flow  pattern,  and  (c)  the  slopes  and 
curvatures  of  the  sections’  bottoms  are  sufficiently  small  to  allow  meaningful  results  to  be 
obtained  from  the  linearized  theory.  Although  the  problem  is  considered  for  xl!  sections 
■tenting  the  above  specifications,  the  derived  result*  are  physically  meaningful  only  for  those 
sections  for  which  the  derived  pressures  on  die  bottom  surface  are  aowhers  less  thaa  the 
pressure  of  the  stream  at  infinity. 
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Earlier  mathematical  investigates*.*  »hich  v<  pertinent  "*  tne  preseat  problem  (see 
Reference  1,  Chapter  H)  m  almost  all  concerned  *i.th. exact,  solutions.  Of  that  work  which 
is  ao;  maitly  conceded  with  mathematical  existence  end  uaiqueneos  questions,  the  watk  of 
Levi-Civit*  is  parti  cal  ariy  of  interest;  see  Chaplet  XII  of  Reference  2  for  ea  excellent  <Ss- 
cmssioa.  Le'O-Cirif  c*  aiders  an  inverse  problem  and  obtains  resells  which  allow  the  con¬ 
striction  of  icvis  like  those  considered  here,  bet  without  initial  specif:  calii.t  it  the  hydrofoil 
shape.  *•*•'  -tgard  to  the  practical  solaiioe  of  the  preseat  problem,  there  has  j»  little 
'ttCifreee  beyond  Levi-Civita’s  work.  A#  bar  as  exact  aolntioae  in  closed  foru  ■  *  conceded, 
thee,  the  general  duect  problem,  which  is  nonlinear  ie  aster*,  main.  arsoiv  ••  is  fact 
aaggests  the  derivation  of  approximate  theory,  Considering  the  nature  of  c.  iytradoan 
involved,  a  first-order  liaewriied  theory  identical  ia  its  approx ’mat'ans  to  he  now  class’ cal 
this  airfoil  tkocry,  and  similar  to  the  Htsbrixed  theory  already  developed  for  symmetric,  two- 
dimensional  c.avily  flows  (see  Reference  1),  seems  especially  appropriate. 


LINEARIZED  THEORY 

!»  «!.!  be  us^;:l  to  consider  boca  the  linear:  ted  version  of  the  present  cavitation 
p.-  •He-.'-  .  the  classical  problem  of  this  airfoil  theory,  for  which  the  solution  has  loo*  been 

4«. 

Thus,  consider  the. flows  schematically  illustrated  ia  Figutes  l  and  2,  and  let 

4  -•  *• 

7  -  velocity  of  flaie  at  xay  point  in  the  low  field,  -[_<■» 

e  «  perturbation  velocity, 

«,  *  «•  *  and  y  components,  respectively,  of  *, 

Vm  -  at i form  velocity  at  parallel  to  tbs  a  axis, 

f  •  local  static  pressure, 

fm  -  static  pressure  of  stream  at  infinity. 


>  cariiv  pres  sere, 

>  cavitauuw  sum  her  • 


».*  »e 


i  ■  .  / 1 1 

■XP^m 

»  «  constant  fluid  oewsity, 

* 

d  *  perturbation  wiocity  potential  such  that  r  • 

Suoscript  o  indicates  quancues  determined  ca  ’be  body  surface. 

Subscript  c  indicates  quant.ttes  determined  on  the  cavity  surface. 

Unbarred  symbols  refer  to  the  cavity  flow.  Figure  1, 

Baned  symbols  refer  to  'he  acscavuy  flow,  Figure  2, 

0  svmboiijes  “urier  of.” 
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On  the  wall  ot  she  hydrofoil’s  cavity,  the  suae  pressure  sad  thus  the  cavitation  num¬ 
ber  ire  specified.  From  Bernoulli's  equation  it  follows  that 


*(*'*'). 


Vm 


constant 


[3] 


U  may  be  inferred  from  die  Caachy-Riemana  equations  that  the  perturbatioa  velocity 
changes  very  sloely  in  space  if  streamline  slopes  and  rurva tares  are  small,  so  that  some 
jmsafi cation  exists  for  satisfying  linearized  boundary  conditions  oe  the  ae  (or  J.)  axis  instead 
of  on  the  thin  bodies.  At  this  point  it  is  not  profitable  to  attempt  farther  to  justify  the  appro- 
ximatioes  involved  in  the  linearization,  but  rather  to  provide  farther  justification  thru  a  com- 
parisoa  that  will  fisslly  be  made  between  exact  and  linearized  resalta  for  a  particular  case 
fpages  3  and  10). 

The  linearized  boundary  conditions  become 
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Finally,  thee,  the  linearized  problems  may  be  sUted:  To  find  the  hamoaic  functions 
e(r,  >1  and  o(z,  J)  -hose  gradients  in  the  limit  vanish  cvcrywhora  sa  a  circle  of  sufficiently* 
large  radius  about  the  origin,  which  satisfy  the  boundary  conditions  of  Equations  [la],  [2a], 
[3a]  {which  are  incorporated  in  Figures  3  and  4)  and  which,  for  the  sake  of  physical  reality, 
produce  smooth  flow  at  the  points  {»,  0-)  and  (J,  0).  In  Figure  4,  the  asymmetry  of  <£(r,  y\ 
which  follows  from  the  definition  of  d(z,  y)  just  given,  is  used  to  specify  boundary  ccnditiot: 
oq  the  entire  S-axis. 

The  problem  for  o  (r,  y)  is  es3entialiy  solved  through  the  obeervatiou  that  its  boundary 
conditions  mny  be  satisfied  by  a  suitable  distribution  of  vertex  singularities  placed  on  the 
interval  0  <  £  <  I.  The  strength  of  the  distributed  voriex  singularities  is  proportional  to 
»(.*,  Ot).  An  iste^-al  equation  is  then  obtained  which  relates  u(r,  0+)  to  th»  airfoil  shape. 

It  is  | 

[4] 
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Figure  3  -  The  Linearized  Boundary  Conditions  for  a  Cavitating  Hydrofoil,  »  -  0 


The  integral  Equation  [A|  is  conveniently  solved  by  Olauert’s  teethed  {see  Reference  t. 
Chapter  VII).  Useful  results  of  the  solution  are  collected  for  reference  in  Appendix  A. 


j  T>i£  HYDRCFCIL-A1RF0IL  EQUIVALENCE 

It  is  now  to  be  shown  that  for  every  caviucizg  hydrofoil  probtem  of  the  type  just  des* 
A  cribed,  an  intimately  related  thin  airfoil  problem  exists  ehose  solution  may  readily  be  con- 

f  verted  into  the  solution  of  the  hydrofoil  problem. 

First,  recall  that  the  complex  velocity  is  an  tnalytic  functioc  of  thecorplex  space 
’•  coordinate: 

u(r,  y)  -  «>(?,  y)  •  /(*  -■  «7)  •  H») 

at.J  that  the  ’unction  y  (4)  created  from  !(t)  by  a  conformal  transfo<*'»t:''n  of  the  r-space  to  a 
sew,  say,  £-space  is  »lso  &  complex  velocity. 

Then  consider  the  transformation 
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which  transforms  ill*  top  of  tie  positive  x-axis  into  th«  negative  £*xis,  the  bottom  of  the 
positive  x-axis  into  th*  positive  *^*xis,  ind  the  satire  /- pi exclus.ve  of  the  cut. positive 
x-axis,  into  the  lower  half  of  the  £*plane. 

Th*  (low  problem,  schematically  illustrated  ia  Figve  3,  is  shown  as  a  complex  variable 
problem  ia  th*  arigjeal  i-plen#  ia  Figere  3,  aid  it  show*  ia  th*  transformed  £*plane  ic  Figure $. 

It  follow*  Store  a  comp*  ri  so*  of  FI  fere*  4  aai  ft,  that  th*  problem  represented  in  F‘  g- 
ir*  ft  ia  exactly  a  thia  airfoil  problem.  Th*  airfoil  aqeivaleat  to  any  given  hydrofoil  is  c*e 
Peck  that  (using  th*  iaitiol  aotatioa  for  th*  airfoil  flow): 
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Figure  5  -  The  H\crcfoil  Problem  ia  i«3pace. 
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A  com  pari so*  of  Equations  [8b],  ['*•],  and  [10b]  with  Equations  [111],  [12a]  and  [13*] 
yields  the  following  identities: 

r,  -  cM  [14] 


rL  -  cM 
cu 

CL  .  1  c,2 


These  resalts,  together  with  Equation  (6)  which  defines  the  airfoil  equivalent  to  a 
given  hytfcoiotl,  completely  accomplish  the  redaction  of  the  hydrofoil  problem  to  an  airfoil 
problem.  They  will  be  ased  in  the  following  sections  to  study  the  characteristics  of  the 
sapercavi  taring  hydrofoil. 

THE  FLAT-PLATE  HYDROFOIL 

The  case  of  die  cavitaring  flat  plate  at  an  angle  of  attack  a  is  particularly  interesting 
since  the  exact  solution  has  long  been  known  (see  Reference  5,  Chapter  IV)  and  because  it 
provides  information  on  forces  and  moments  due  solely  to  angle  of  attack. 

The  exact  results  for  lift,  drag,  and  pitching  moment  are: 

Ct(eaactl. 0( ^  [17] 

4  >  i  siaa  2 


f  £»  sin  a  \ 

1  3  cosa  ' 

m  5*a  ^ 

\4  *  *  siaa/ 

^2  4[A  *  »  sinajj 

32 

Cjj  (exact)  -  CL  (exact)  •  ta* a  •  ^ —  ♦  0(a3) 


According  to  Equation  [6],  and  as  has  been  noted,  the  fla^piate  hydrofoil  at  angle  of 
attack  a  is  equivalent  to  a  flat-plate  airfor!  a.  angle  nf  attack  a  .  It  is  easily  shown,  using 
results  of  the  thin  airfoil  theory,  (see  Appendix  A)  that 

C|_  (linearized)  «  (Imeariied)  H**] 
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The  shapo  of  the  cavity  may  also  be  determined.  It  is  shown  ia  Appendix  B  that 
a  .’oil  of  unit  chord: 

ye  (linearized;  upper)  •  a  w-ifl  *  2  v*)  V *  ♦  v"* 

♦  jta(lw2vT-2|£7^)],,>a 

ye  (linear  -ed;  low er)  ■  a  *  ♦  i  (2  v-*  -  1)  V*  -  VT 

-ila(-l>2vT*2)4->/i|, 


120] 


*>  1 


•rnd. 


yt (exact)  « (linearized)  ♦  0(<*J) 


[20a] 


The  fact  that  the  linearized  theory,  aa  applied  here  to  the  case  of  the  Bat  plate  gives 
results  for  forces,  moments,  and  cavity  shapes  that  are  identical  with  the  leading  torn  ia  the 
exact  solution  expressions  for  corresponding  quantities,  is  *n  important  justification  for  the 
linearized  theory  and,  in  addition,  provides  a  check  on  the  correctness  of  the  hydrofoil- 
airfoil  equivalence  results. 

THE  FLAPPED-PLATE  HYDROFOIL 

Because  of  its  usefulness  as  a  control  surface,  the  configuration  consisting  of  a  hydro¬ 
foil  «ith  a  hinged  or  flapped  after  portion  is  of  particular  interest.  As  a  particular  case,  and 
one  revealing  the  effect  of  the  flap  size  on  the  flap  effectiveness,  the  flapped-plate  hydrofoil, 
as  shown  schematically  ir.  Figure  7,  will  be  discussed. 

It  follow.'  from  Equations  ]  \7]  and  JAB]  thst 
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Figan  ?  •  Flapped-Plat*  Hydrofoil 

TWo,  rsiag  Eqaatioos  [A3],  [A4],  [ASj  ud  Eqaatioaa  [14],  [15],  [15], 

^  ™  Qf  *^t*  ♦  si*  £4(^  *  0091  ^  ^ 

C»  *  ' %  “  M  (M*  ♦  -7‘4*  *  ^3  -X) 

[2S[ 

«_f_[5(»  -  9$  ♦  14  si*  S4  -7  si#  204  ♦  2  sin  3 d4  -i-sin  *  $4] 

32  • 

C0  -  A  43  - !^40  ♦  IlJ*  -  dr,  -  *4  .  sia  ?4]J  (2b) 

Tha  qaaatities  (dCLy(d4 )  and  (dCM\(d*)  are  sbo*a  as  a  fanctioa  of  (lap  chord  ratio 
in  Figure  S.  !:  is  imports.",  t  to  not*  0**t  tW  lift  effectiveoees  of  alt  flaps  larger  than  n  per- 
cool  chord  is  as  groat  as  or  greater  lhaa  tae  lift  effectiveness  of  aa  -a flapped  'oil.  \  T5  per¬ 
cent  flap,  fcr  which  the  lift  effectiveness  i,  as  optima's,  has  a  lift  effectiveness  114  percent 
of  the  uaflapped  foil  effectiveness.  This  is  (s  contrast  with  the  siuntioe  for  noocavitaung 
airfoils,  fe«"  which  the  flap  effeclivee«:»s  continually  increases  with  increasing  flap. chord 
ratio. 

The  lift/drag  ratio  of  a  Sapped  f oil  'or  a  given  lift  coefficient  is  ~caler  •>«  smaller 
the  flapchord  ratio,  la  Figure  3  this  ratio  is  shown  as  a  function  of 'ift  coefficient  -'or  »a 
unmapped  plita  ud  few  a  25  percent  flapped  plat#  for  »hich  f./P  -  3.21.  C  .  Tha  flapped 
plat*  is  seen  to  be  deciddy  superior.  It  is  important  result,  domoastuaiod  by  this  exiz^ie, 
tint  the  cavitation  drag  cf  a  hydrofoil  operating  at  a  gives  lift  coefficient  is  very  each  depen¬ 
dent  oa  die  hvdrofoil  shane. 
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figure  s  -  Lift  iac  Vkw:t  Effectiveness  for  Flaoped-Plate  Hydrofoil 

LCW-CRAC  hydrofoils 

The  specification  of  hydrofoils  arslh  lo»  cavitation  drag  is  %  problem  of  great  practical 
importance.  Because  the  drag  may  be  several  a^es  larger  than  necessary  on  an  improperly 
designed  configuration,  the  success  of  high-speed  hvdrofoil  bonis  and,  particularly,  saper- 
cavitating  screes  may  *eil  depend  ipoa  the  proper  choice  of  the  nvdrofoii  sections. 

It  is  of  interest  first  U>  determine  the  Cj  (the  lift  '■cefficient  being  specified) 

•for  the  class  of  ail  possible  '■avitating  hydrofoils.  In  vie*  of  the  hydrofoil -airfoil  equivalence 
‘.ho  problem  becomes  one  of  determining  the  "•simum  CL  (the  moment  coefficient  being  speci¬ 
fied)  for  the  class  of  all  possible  airfoils  on  »hese  low*-  surface  the  pressure  is  .nov  here 


CS^QDiTMl 


Figure  I  -  L/D  vs.  for  Flat-Plate  sad  Flapped-PIate  Hydrofoils 
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less  tr.aa  the  free  stream  pressure.  Low  Jreg  equivalent  airfoils  will  thus  have  centers  of 
pressure  relatively  far  aft  of  the  leading  edge.  The  optimum  airfoil  pressure  distribution  can 
be  immediately  specified.  It  is  shown  in  Figure  13  where  3(r)  is  the  Dirac  delta  function 
defined  such  that 


51?  -  r( )  Jj  »  1  and  5{r  -  •?,)  *  0  for  s  * 


The  question  of  the  practical  possibility  of  obtaining  *uch  a  pressure  distribution 
need  not  b»  considered.  The  important  thing  is  hat  his  case  does  furnish  a  lo»n  hound  for 
the  hydrofoil  d'*£  which  may  be  used  as  a  Tenure  of  drag  performance. 
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Figsre  10  •  Optimum  Low-Drag  Pressure  Distribution  ca  Equivalent  Airfoil 
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For  this  optimum  pressure  distribution. 
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This  optimum  may  be  compared  to  the  lift,  drag  ratio  of  the  flat  plate,  which,  as  has 
already  been  indicated,  is  an  inferior  section. 


(Ui  plat* 


(31] 


It  is  of  importance  now  to  specify  a  family  of  hvdrofcil  sections  with  relatively  tow. 
drag  characteristics.  Such  a  family  is  one  whose  equivalent  airfoil  family  is  described  by 
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~i  u  .4 

( cos  d  -  —  cos  —  — 1 1  1 

1321  i 
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dx  1 

l  2  )  Z[ 

i  Ui  J 

These  sa epos  w»r«  chosen  from  a  more  general  family  ia  such  a  way  that  they  have  a 


minimum  drag  and  still  have  pressure  distributions  such  that  the  bottom  pressures  are  at  no  4 
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1.  The  linearized  theory  is  *  meaningful  first-order  theory  for  calculating  the  characteris¬ 
tics  of  sapercavitatiag  hydrofoils  at  small  angles  of  attack.  The  justificacioa  for  this  con- 
ctasioa  lias  ia  the  result  that  is  the  tase  of  a  flat  plat*  at  taro  cavitatioa  auto  her,  the  linea¬ 
rized  resalt  for  cavity  shape,  foil  forces,  and  pitching  moment  ia  actually  the  first-order  term 
ia  aa  expansion  of  the  asset  solution  ia  powers  of  the  angle  of  attack. 

2.  The  problem  of  determining  the  zero  cavitatioa  aamber  characteristics  of  aa  arbitrary 
hydrofoil  section  caa  be  reduced  in  a  simple  saaaer  to  aa  eqnivalent  thia  airfoil  problem. 
Simple  relationships  axial  baieeea  !J»e  lift,  frag,  tad  pitching  moment  of  the  hydrofoil,  aad 
the  afomaat,  lift,  aad  third  moment  of  the  equivalent  airfoil.  Effective  and  practical  existing 
methods  may  be  used  to  solve  the  thia  airfoil  problem. 

3.  The  lift  carve  aad  moment  curve  slopes  for  a  flat  plate  at  zero  cavitatioa  aamber  are, 
respecti /cly,  r/2  sad  Sr/32,  aa  compared  with  the  corresponding  values  for  the  ncncavi  taring 
fla.  plato  of  aad  e/2.  These  values  also  represent  the  lift  aad  moment  effectiveness  with 
respect  to  angle  of  attack  of  cambered  sections. 

4.  At  zero  cavitation  aamber,  the  lift  effectiveness  (with  respect  to  flap  deflection)  of  aU 
flaps  larger  thaa  41  percent  chord  is  as  great  or  greater  thaa  the  lift  effectiveness  of  aa  an* 
flapped  foil  (flat  piste). 

5.  The  cavitatioa  ckag  accompanying  a  given  lift  is  very  such  dependent  =a  the  hydrofoil 
shape.  .Aa  absolate  minimam  drag  exists  for  any  given  lift.  All  practical  hydrofoils  must 
have  drags  larger  than  this  absolute  minimam,  which  is  (Cq)^  »  (C^)3^*r. 

8.  For  all  site  flaps,  the  generatioa  of  lift  by  flap  deflection  results  ia  less  drag  than  the 
gca critics  sf  lift  by  aagle  of  attack  changes.  Thaa,  from  the  cavitatioa  irvg  standpoint,  the 
flat  plate  is  »*  inferior  hydrofoil  section. 

7.  The  generation  of  lift  by  the  proper  use  of  camber  results  ia  less  drag  than  the  genera* 
tion  of  lift  by  flap  deflection  for  practical  size  flaps. 

8.  Cambered  hydrofoils  may  be  designed  for  drag  operation,  for  which  the  cavitation 
drag  at  moderate  lift  coefficients  is  approximate...  the  fame  aj  the  viscovs  drag  of  one 
wetted  surface.  Thus,  supercavitatiag  configurations  .nay  probably  be  designed  with  drag 
characteristics  not  essentially  inferior  to  those  of  nonesvitatiag  configurations. 

9.  A  fscjly  of  relatively  tow-drag  hydrofoils  and  their  theoretical  characteristics  are 
presented  ia  the  present  paper. 
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APPENDIX  B 


WAKE  SHAPE  ACCORDING  TO  LINEARIZED  AND  EXACT  THEORIES 
LINEARIZED  THEORY 

According  to  the  taatunprioas  of  the  linearised  theory  sad  asing  the  aoudoa  of  Figure 

1. 

*jr,  («pp*;  *)_  •%  Os-) 

d*  ’  V. 


*y«  (lower;  *)  *(»,  0-) 

(fa  t/. 


from  which  it  follow* 


,  0>)  Jl 


y,(«pp*;  *)  j  *(L  0>)  it 
f,  (lower,  *)m±  J  *(t,  0  -)  it 

**  yw 


The  problem  of  finding  »(f,  0+)  tad  a(f,  0-)  far  the  hydrofoil  may  ba  transformed  iato  the 
problem  of  (lading  »{£,  0)  ia  the  airfoil  plane.  Uniting  use  of  the  transformation,  Eqaaiioe  [5], 
Equation  [B2]  than  bacomaa  _ 

*-p* 

JL  («PP«l  ~  I  •(**  °>  *d* 


*{«PP«n  *) J  i(i,o)idi 

**  # 

*«*yT 

*,  (L,*«r,  *)  -  ^  J  »(£  0)  fif 


Tha  problem  of  Coding  u(t.  0)  for  a  flat-plate  airfoil  of  unit  chord  a;  sigle  of  attack  a 
may  ba  solved  by  a  sapping  technique.  The  image  of  the  ^axis  ia  the  conjugate  complex 
velocity  plane  is  a  polygon  (see  Figure  SI).  It  may  be  mapped  onto  its  image  ia  the  physical 
piaae  by  making  use  of  a  5ch»ar*-Carisu>iTel  trnasfbcmalioa.  Toe  sapping  function  is  tbea 
•he  solutioa  of  the  present  problem  since  it  provides  a  relation  between  the  velocity  com¬ 
ponents  aad  the  physical  space  coordinates. 

As  the  polygon  in  the  complex  velocity  plane  is  traversed  from  StoCtoDtc.-lto 
8,  the  region  on  the  right  is  to  be  transformed  into  the  lower  half  of  tha  physical  plane.  The 
vertices  of  the  polygon  SCO  AS  are  to  be  mapped  iato  the  points  0  and  t  in  the  physical  plane. 
The  interior  angle  at  C  is  »,  2;  the  intericr  angle  a;  3  is  -  r/2.  The  mapping  function  ia  then; 
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Sobstiuiting  Equation  [B7]  ia  [B3J, 


y,(uPP»n  *)««£-*♦  i(l  ♦  -v'*)  V*  +  v*  +  i  ia^l  ♦  2  VX  -  2)4  ♦  \*jj,a 


ft  (lower;  r)«-ar,  0  <  a  <  \ 


«r,  *)-«  |>*-|(1  -  2 </•)  Y*  -V*  -  yt*(-  *  ♦  iv»*  nSr*|,>i 

EXACT  THEORY 

The  exact  wake  shape  ia  parametric  font  is  easily  bend  by  making  use  of  the  res e its 
of  tie  exact  aolstioa  as  preseatad  ia  Refuo^ca  2,  Chapter  X!!. 

la  the  preseat  aotatira  and  assuming  a  plate  of  aait  chord, 

L  J  [B91 

♦  ^r2-  [« i  ^F71  - : *  (c .  *  '£FT)]  ’ 1  <  c .  < - 1 

*<•»«>'  -^f5  k  «,3  - 1)  - 1] 

L  r  _ _  J,  Al  [BIO] 

*!»(<,-  vGF1)}  i  < 

Xr  0«»*)  -Sp-k  -£^£L  (C,2  -  1)  -  l] 

L  J  ,,  tan] 

.wta-gsaj^,  ^TTi  ♦  ia  (-  ct  ♦  vC7^l)|  ,  c  <  -  1 

where  (,  is  a  parameter. 

Expanding  Equations  (B9j,  (010),  aad  [Bllj  ia  a  pewor  series  ia  the  angle  of  attack, 

**  *  ‘  2  [C*  *  2  ~t]  *  °:a^  1  <  <1  <  -  1  lS1-l 

*  («pp«)  -  fk  -4  c,j  -  4]  -  j  [c ,  vTF7  - 1»  fc-  )1 

-  ,  -  L  J  [B13J 

«-  0(=>3),  1  <  C, 

JL  (lower)  «—  j  -c  _  L,  2  ...L.1  _  *.!/  /7j  7  ,  /,  /Tj  7  \1 

*  '  2j_’*  2  J  2  j  TN  ’•J  1  9(*^»  ^  v^»  "  •  jj 
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APPENDIX  C 

LISTING  OF  USEFUL  THEORETICAL  RESULTS 

For  cnvHinc*,  the  mt  useful  theoretical  reealts  trt  listed  below: 

Relationship  between  hydrofoil  shape  aad  e-qai valent  airfoil  shape: 

16] 

Rela&oeskipa  betswa  hydrofoil  forces  isd  nomeata,  aad  eqaivaleat  airfoil  forces  and 

aoaieeta: 

CL  -  C„  [141 

cu  -  US] 

C0-i^  [16] 

Farsee,  pitchiag  momeet  ahoat  leading  edge,  and  lift/drag  ratio  for  a  flat-plate  hydrofoil  (<j-0): 

C>t-^  [17  a] 

.Swor  (Mai 


/?  ,  fa 
ct>-— 

t/o- - 4- 


Forcee  aad  pitchiag  moment  about  loatSrg  edge  for  a  flapped- plate  hydrofoil  (j  •  0)  (see 
Figure  7): 

CL  -L[»  -  9k  ♦  sia  d4  (2  -  ws  *4)]  [24] 

.JL{5(#-  J4)  ♦  14  sia  *4  -  7  sia  2t»4  ♦  2  sia  3  34  -isia  4?4]  [2S] 

32  [,  4  J 

cD  -4-f»  -  9k  *  9*b  **JJ  126] 

w4T 

where 

|/5-l<I.c-.V  [23] 


Cptiaa-a  hydrofoil  lift,  drag  ratio  (,r  •  0}: 
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Lift/drr-s  ratio  for  reirtively  low-drsg  hydrofoils  (<*  *  0)  (see  Figure  U): 

at'  +2-C, 

L  . 


m'-h 


t*2j 


where  CL*  is  the  design  lift  coefficient  sad  a'  is  the  difference  between  tbs  operating  angle 
of  attack  sad  tbs  design  angle  of  stuck. 
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